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The small hydrophobic protein 3AB of the picornaviruses, encompassing the replication primer 3B, has been suggested
to anchor the viral replication complex to membranes. For hepatitis A virus (HAV) 3AB, we have previously demonstrated its
ability to form stable homodimers, to bind to membranes, and to interact specifically with RNA, implicating its multiple
involvement in viral replication. In the present report, we show that HAV 3AB additionally interacts with HAV protein 3CD, a
feature also described for the corresponding polypeptide of poliovirus. By assessing the interactions of three deletion
mutants, distinct domains of HAV 3AB were mapped. The hydrophobic domain and the 3B moiety were found to be essential
for the 3AB interaction with 3CD. Both electrostatic and hydrophobic forces are involved in this interaction. The cluster of
charged amino acid residues at the C terminus of 3A seems to determine the specificity of 3AB interaction with RNA
structures formed at either terminus of the HAV genome. Furthermore, our data implicate that 3A can interact with HAV RNA.
Compared with poliovirus 3AB, which by itself is a nonspecific RNA-binding protein, HAV 3AB specifically recognizes HAV
RNA structures that might be of relevance for initiation of viral RNA replication. © 1999 Academic Press
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1INTRODUCTION
The picornavirus genome, a positive-sense RNA mol-
cule of ;7500 nucleotides, encodes a single open
eading frame (ORF) for a polyprotein that is proteolyti-
ally cleaved into the structural proteins of the domain
1, as well as the nonstructural proteins 2A, 2B, 2C, 3A,
B (VPg), 3Cpro, and 3Dpol, which are parts of domains P2
nd P3. The ORF is flanked by 59 and 39 nontranslated
egions (NTR) harboring cis-acting signals for translation
nitiation and RNA replication (Rueckert, 1996). Genetic
nd biochemical evidence have implicated that all non-
tructural polypeptides are involved in genome replica-
ion and are part of the RNA replication complex (RC).
he RC of poliovirus (PV), the prototypic picornavirus, is
omposed of viral RNA, proteins contained in the P2 and
3 domain of the PV polyprotein, cellular proteins, and
embranes (Bienz et al., 1992; Wimmer et al., 1993).
mong the P3 proteins, polypeptide 3A is the membrane
nchor to attach the primer (3B5VPg)-bound, newly syn-
hesized RNA, to membranes of the endoplasmic reticu-
um (ER) (Porter, 1993). Proteinase 3Cpro is responsible
or the liberation of intermediate and mature proteins
rom the viral polyprotein (Palmenberg, 1990) and 3Dpol is
he RNA-dependent RNA polymerase (Neufeld et al.,
991). A crucial role in genome replication seems to be
layed by processing intermediates, in particular those
1 To whom reprint requests should be addressed. Fax:
e39-0649902082; E-mail: morace@virus1.net.iss.it.
042-6822/99 $30.00
opyright © 1999 by Academic Press
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410f the P3 region (3AB, 3CDpro). Some of these proteins
re multifunctional in their precursor form and show an
ltered activity profile when they interact with other viral
olypeptides, host proteins, or with viral RNA structures
Xiang et al., 1997). Direct evidence for the distinct role of
rocessing intermediates stems from bicistronic viral
enomes and from trans-complementation experiments
Paul et al., 1998; Towner et al., 1998). Furthermore in
itro experiments showed that proteins 3AB and 3CD
ssemble into a ribonucleoprotein (RNP) complex with
NA secondary structures formed at the 59 end of the
oliovirus genome which is essential for RNA plus-
trand synthesis (Harris et al., 1994). PV 3AB stimulates
he polymerase activity of 3Dpol and the proteolytic activ-
ty of 3CDpro in vitro (Molla et al., 1994; Paul et al., 1994).
n addition, convincing evidence was provided that mu-
ations that abolish oligomerization of PV 3AB are detri-
ental to the viability of the viral genome (Xiang et al.,
998). Thus PV 3AB seems to play multiple roles in the
iral life cycle.
Few data exist with regard to the involvement of HAV
onstructural proteins in viral replication. Replication of
ost HAV strains in infected cells is delayed and non-
ytolytic and takes several days to be manifested by the
roduction of viral antigen and RNA (Gauss-Mu¨ller and
einhardt, 1984). In contrast to PV- infected cells, where
ramatic morphological changes seems to be induced
y the action of viral proteins 2B and 3A (Doedens et al.,
995; Schlegel et al., 1996), no cytopathic effect is gen-
rally observed in HAV-infected cells. Several steps in
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411INTERACTION DOMAINS OF HEPATITIS A VIRUS PROTEIN 3ABhe HAV life cycle have been proposed to determine the
low replication rate, including protein synthesis and
rocessing (Siegl, 1992). So far, no polymerase activity
ould be demonstrated for HAV polypeptide 3D, neither
ould the protein be detected in infected cells (Tesar et
l., 1994). In a first assessment of the composition of the
AV RC, we showed by in vitro studies that HAV proteins
C, 3ABC, and 3AB specifically interact with RNA sec-
ndary structures formed at the 59 and/or 39 end of the
AV genome (Kusov and Gauss-Mu¨ller, 1997; Kusov et
l., 1997). Furthermore the demonstration that 3AB of
AV assembles into stable homodimers following re-
ombinant expression (Beneduce et al., 1997; Ciervo et
l., 1998) mirrors properties similar to those of PV 3AB.
The aim of the present work was to analyze the
nteraction of HAV 3AB with 3CD and to extend our
tudies on the 3AB-RNA binding properties. The inter-
ction of 3C, 3D, and 3CD with different forms of 3AB
as tested, and the 3AB protein domains, which are
ssential for complex formation, were mapped. Stable
omplexes were formed by 3AB and 3CD that were
esistant to conditions known to disrupt both electro-
tatic and hydrophobic bonds. Apparently, the C-ter-
inal amino acids of protein 3A play a distinct role by
odulating the specific interaction between protein
AB and the HAV RNA.
RESULTS
nteraction of HAV 3A and 3AB with 3C, 3D, and 3CD
HAV proteins 3A and 3AB bind to membranes and form
table homodimers in vitro (Beneduce et al., 1997; Ciervo
t al., 1998). Deletion of the hydrophobic domain in 3A
amino acids 40–60, mutant 3ABDid: Fig. 1) or of amino
cids 61–69 at the C terminus of 3A (a tract characterized
y the presence of several charged residues, mutant
ABD5.1: Fig. 1), prevents 3AB dimer formation (Ciervo et
l., 1998). These data suggested that both membrane
FIG. 1. Amino acid sequence of HAV protein 3AB and its deletion
omparison the amino acid sequence of poliovirus 3AB is also preseninding and oligomerization domains map to the C-ter- Final half of protein 3A (Ciervo et al., 1998). To test for the
bility of HAV 3AB to interact with other P3 proteins and
o map the protein domains essential for this interaction,
he genes coding for protein 3A, wild-type 3AB (3AB),
utant 3ABDid, and mutant 3ABD5.1 were expressed in
acteria as fusion proteins carrying a His-tag at their N
ermini. After affinity-chromatography on a nickel–Sepha-
ose resin, the purified proteins were used in coimmu-
oprecipitation (Fig. 2) and pull-down experiments (Fig.
) with in vitro expressed, [35S]methionine-labeled 3C,
D, and 3CD. To avoid specific and/or nonspecific pro-
eolysis, the proteolytically inactive forms of 3C and 3CD
ere used. After interaction of bacterially expressed and
adiolabeled proteins, the complexes were precipitated
ith an antipeptide antibody recognizing the first 16
mino acids of 3A or with a preimmune serum. As shown
n Fig. 2, the anti-HAV 3A serum was able to coimmuno-
recipitate 3C, 3D, and 3CD due to their binding to native
A, 3AB, 3ABDid, and 3ABD5.1 (lanes 1–12). Although
dentical amounts of radiolabeled proteins were applied,
ild-type HAV 3AB interacted more efficiently with 3CD
nd 3D than with any of the other forms of 3AB, impli-
ating that the deleted domains of 3AB are involved in
rotein interaction. Protein 3A and all forms of 3AB re-
cted with 3C at equal efficiency. As indicated by the
egative coimmunoprecipitation, neither denatured 3AB
nteracted with 3C, 3D, or 3CD (lanes 13–15) nor was the
reimmune serum able to immunoprecipitate the com-
lexes (lanes 16–18), thus proving the specificity of the
nteractions.
To confirm the protein–protein interaction data ob-
ained by coimmunoprecipitation, an affinity chroma-
ography assay was performed in which bacterially
xpressed His-tagged HAV 3A, 3AB, and the mutants
ABDid and 3ABD5.1 were incubated, in the presence
f nickel–Sepharose beads, with 3C, 3D, and 3CD
ranslated in vitro. As negative control, in vitro trans-
ated radiolabeled luciferase was used. As shown in
(3ABDid and 3ABD5.1). Dashed boxes indicate deleted regions. Formutantsig. 3, protein–protein interaction was obvious for 3A
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412 BENEDUCE ET AL.nd 3AB with 3C, 3D, or 3CD, but not for luciferase.
rom comparing the band intensities of lanes 2 and 3
f Figs. 3B and 3C, it seems that 3AB bound 3D and
CD more efficiently than 3A. 3ABDid and 3ABD5.1
anifested somewhat weaker reactivity when com-
FIG. 2. Coimmunoprecipitation of radiolabeled 3C (3C*, lanes 1, 4, 7,
ith purified His-tagged 3A (lanes 1–3), 3AB (lanes 4–6), 3ABD5.1 (lanes
AB was used as control (lanes 13–15). Coimmunoprecipitation of His-t
he electrophoretic mobility of molecular mass standards and HAV pr
FIG. 3. Affinity chromatography of His-tagged 3A (B) and 3AB (C) inc
CD (3CD*) in the presence of Ni1–Sepharose. (A) shows the in vitro tra
f molecular mass standards and luciferase, 3D, 3CD, and 3C is marked onared with 3AB (not shown). Therefore these results
re in full agreement with those obtained by coimmu-
oprecipitation and present further evidence for the
pecificity of the interaction among the proteins of the
3 region.
), 3D (3D*, lanes 2, 5, 8, and 11), and 3CD (3CD*, lanes 3, 6, 9, and 12)
d 3ABDid (lanes 10–12) using anti-3A HAV. Heat-denatured His-tagged
AB with 3C*, 3D*, and 3CD*, using a preimmune serum (lanes 16–18).
D, 3CD, and 3C is marked on the sides.
with [35S]methionine-labeled luciferase (luc*), 3C (3C*), 3D (3D*), and
n products of luciferase, 3C, 3D, and 3CD. The electrophoretic mobilityand 10
7–9), an
agged 3ubated
nslatiothe side.
Bp
t
w
3
m
i
p
c
t
d
b
c
t
g
K
t
p
w
d
b
t
p
t
o
o
v
t
t
a
o
t
3
2
t
r
T
b
3
c
c
c
w
t
w
a
m
p
T
s
d
w
1
3
t
c
I
3
m
u
g
3
s
a
c
1
m ed on
413INTERACTION DOMAINS OF HEPATITIS A VIRUS PROTEIN 3ABiochemical analysis of 3AB protein interaction
When the strength of interaction among the various
roteins was initially estimated from coimmunoprecipi-
ation experiments, the interactions of 3AB and 3ABD5.1
ith 3D and 3CD appeared stronger than that of 3A and
ABDid with the same proteins (see Fig. 2). To study in
ore detail the biochemical nature of the protein–protein
nteraction and to estimate the contribution of the various
arts of 3AB (e.g., 3B, the hydrophobic domain and the
harged region at the C terminus of 3A), the stability of
he complexes was tested after treatment under various
isruptive conditions (Lu et al., 1993). Weak hydrophobic
onds were assessed by their resistance to high con-
entrations of glycerol, whereas strong hydrophobic pro-
ein interactions were examined by treatment with deter-
ents. Electrostatic interactions were probed with 1M
Cl. Both electrostatic and strong hydrophobic interac-
ions in a protein complex were confirmed by the com-
lete separation of its components following treatment
ith both detergent and high salt concentration.
The extent of complex formation first was assessed by
etermining the amount of radiolabeled 3C, 3D, and 3CD
ound to His-tagged 3A and 3AB under standard condi-
ions. For this, aliquots of the extensively washed com-
lexes were incubated with buffer alone, and after cen-
rifugation their supernatants and pellets were analyzed
n a SDS–gel (Fig. 4, lanes 1, 2, 7, and 8). Further aliquots
f the extensively washed complexes were subjected to
arious biochemical treatments, and after centrifugation
he supernatants, containing the eluted radiolabeled pro-
eins, were tested by SDS–PAGE (Figs. 4A–4C, lanes 3–6
nd 9–12). Due to inefficient binding (hence low amount
f label contained in the complexes with 3A and 3ABDid),
FIG. 4. Stability of complexes formed by His-tagged 3AB with [35S]me
nd 3AB (lanes 7–12) with radiolabeled 3C (3C*, C) toward biochemic
omplexes with buffer alone (see Materials and Methods) were analyz
, 2, 7, and 8. The supernatants obtained after treatment with disruptiv
olecular mass standards and HAV proteins 3D, 3CD, and 3C is markhe effect of treatments on their interaction with 3D and bCD gave ambiguous results (not shown; see also Fig.
). The complex formed by 3AB with 3D was unstable
oward all treatments tested, which was obvious by the
elease of radioactive 3D as shown in Fig. 4A, lanes 3–6.
his suggests that both hydrophobic and electrostatic
onds contribute to the 3AB–3D interaction. The 3AB–
CD complex appears more stable, as conditions that
ould release weak hydrophobic interactions (high con-
entration of glycerol at low temperature) did not disso-
iate this complex. The stability of the 3AB–3CD complex
as evident by the complete lack of radiolabeled 3CD in
he supernatant (Fig. 4B, lane 4). By comparing lanes 2
ith 3 and 5 (Fig. 4B), ;50% of bound 3CD was eluted
fter treatment with high salt or detergent whereas si-
ultaneous treatment with high salt and detergent com-
letely disrupted the interaction of 3AB with 3CD (lane 6).
he complex of 3C with 3A and 3AB was particularly
trong as only the combined treatment with reagents that
estroy both hydrophobic and electrostatic interactions
as effective in releasing bound 3C (Fig. 4C, lane 6 and
2). These results show that binding of 3AB to 3C and to
CD is significantly stronger than that to 3D and they
hus imply that the 3C moiety of 3CD predominantly
ontributes to the interaction of 3AB with 3CD.
nteraction of 3A and 3AB monomers and dimers with
C, 3D, and 3CD
The strong propensity of 3A and 3AB to form ho-
odimers, observed previously (Ciervo et al., 1998; and
npublished results), prompted us to determine the oli-
omeric form of these proteins that could interact with
C, 3D, and 3CD. HAV 3A and 3AB were purified and
ubjected to SDS–PAGE and Western blotting. As shown
-labeled 3D (3D*, A) and 3CD (3CD*, B) and His-tagged 3A (lanes 1–6)
tments. The supernatants and pellets obtained after treatment of the
2% (A and B) or 15% (C) polyacrylamide gels and are shown in lanes
ts are shown in lanes 3–6, and 9–12. The electrophoretic mobility of
the sides.thionine
al trea
ed on 1
e ageny silver staining, monomeric and dimeric 3A and 3AB
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414 BENEDUCE ET AL.ere found in about equal amounts under the experi-
ental conditions used (Fig. 5A). For unknown reasons,
he monomeric forms of 3A and 3AB were more immu-
oreactive with the anti-3A serum (Fig. 5B, lanes 1 and 2).
he specificity of the interaction was demonstrated by
he absence of reaction with a preimmune serum (Fig.
B, lanes 3 and 4). The same aliquots of 3A and 3AB, as
hown in the immunoblot, were transferred to another
itrocellulose sheet, renatured and subsequently probed
ith [35S]-3CD, [35S]-3D (Fig. 5C, lanes 1 and 2, 3 and 4)
nd [35S]-3C (not shown) in a far-Western experiment.
oth molecular forms of 3A and 3AB were capable of
inding radiolabeled 3CD, 3D, and 3C at equal efficiency.
o reaction was observed when 3A and 3AB were
robed with equal amounts of radiolabeled luciferase
Fig. 5C, lanes 5 and 6) nor when the radiolabeled
CD and 3D were incubated with 3A and 3AB which
ere not renatured after blotting (Fig. 5C, lanes 7–10).
hese results clearly show that HAV 3C, 3D and 3CD
pecifically interact with both monomeric and dimeric 3A
nd 3AB.
AB–RNA interaction
Recently we demonstrated that 3AB interacts specifi-
ally with RNA structures found at both the 59 and 39
ermini of the HAV genome but not to structures formed
y unrelated RNA molecules of similar length (Kusov et
l., 1997). In contrast, the homologous poliovirus protein
nly forms a specific RNP when PV protein 3CD was
resent (Harris et al., 1994; Lama et al., 1995). Compar-
son of the primary sequence of picornaviral proteins 3A
hows that the HAV protein differs from PV 3A by a
luster of charged amino acid residues near the C ter-
inus (see Fig. 1). To confirm our earlier observations
nd to test the specificity of RNA binding for the various
orms of 3AB, the purified His-tagged proteins were in-
FIG. 5. Interaction of His-tagged 3A and 3AB monomers and dimers w
f purified His-tagged 3A and 3AB. (B) Western blot of His-tagged 3A a
and 4). (C) Far Western blot of 3A and 3AB with radiolabeled HAV 3CD
lot of nonrenatured (after SDS–PAGE) His-tagged HAV 3A and 3AB with
esults were obtained by probing with radiolabeled 3C (not shown).ubated with the terminal structures of the HAV genome (nd with a control RNA of similar length in the presence
f large excess of tRNA to prevent nonspecific binding.
s specific interaction partners, [33P]-labeled in vitro tran-
cripts, representing the secondary-structure elements
t either terminus of the HAV genome were used (Fig. 6).
s shown by the shift in RNA mobility, all proteins inter-
cted with the viral RNAs (Figs. 6A and 6B). BSA and
eat-inactivated 3AB were unable to shift any of the RNA
ested (not shown). None of the proteins, except 3ABD5.1,
etarded the mobility of the control RNA of similar size
Fig. 6C). Because 3ABD5.1 shifted not only the mobility
f the HAV RNAs but also that of the control RNA (Fig. 6C,
ane 5), it can be assumed that 3ABD5.1 interacts with
iral RNA in an unspecific manner, whereas all other
roteins interact specifically.
To further characterize the difference in binding
mong the wild-type and the deleted form of 3AB, their
trength of RNA binding was assessed by testing in-
reasing concentrations of both proteins in the mobility
hift assay. As shown in Fig. 7, RNA binding of 3ABD5.1
as significantly stronger than that of the wild-type pro-
ein when the dose-dependent binding of both proteins
as compared.
To analyze in detail the 3AB binding specificity for RNA
tructures formed at the termini of the HAV genome, the
nteractions of both proteins with the 59 RNA were com-
eted by a 50- or 500-fold excess of either the homolo-
ous (59 RNA), heterologous (39 RNA), or control RNA
Figs. 8A and 8B). The extent of competition was esti-
ated by the relative reduction of the retarded RNA
obility and is shown in the lower panels of Fig. 8.
hereas homologous and heterologous viral RNAs com-
eted efficiently (Fig. 8A, lanes 3–6), no reduction of the
hifted RNA was induced when control RNA was added
o the RNA mixture with wild-type 3AB (lanes 7 and 8).
his is in contrast to the RNA binding pattern of 3ABD5.1
]methionine-labeled 3D and 3CD in an overlay assay. (A) Silver staining
with anti-HAV 3A (lanes 1 and 2) and with a preimmune serum (lanes
1 and 2), 3D (lanes 3 and 4), and luciferase (lanes 5 and 6). Far Western
ethionine-labeled 3CD (lanes 7 and 8) and 3D (lanes 9 and 10). Similarith [35S
nd 3AB
(lanes
[35S]mFig. 8B), which has been shown above to strongly inter-
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415INTERACTION DOMAINS OF HEPATITIS A VIRUS PROTEIN 3ABct with all tested RNA probes (see Figs. 6 and 7). While
gain both homologous and heterologous RNA com-
eted in a similar manner for binding of 59 RNA (Fig. 8B,
anes 3–6), the control RNA also competed for binding to
ABD5.1 (lanes 7 and 8). From the comparison of these
istinct competition patterns, it can be directly concluded
hat RNA binding of 3ABD5.1 is unspecific, whereas that
f wild-type 3AB is specific. The ability to bind RNA
nspecifically was further supported by data shown in
ig. 8C. Strong binding of 3ABD5.1 to control RNA was
ompletely competed by viral RNA structures (lanes 3
nd 4), as well as by the homologous control RNA (lane
). Taken together, these results confirm our earlier ob-
ervation that RNA binding of HAV 3AB is specific for
NA structures formed at the 59 and 39 termini of the HAV
enome (Kusov et al., 1997). From the data presented
ere, it can now be concluded that the cluster of charged
mino acid residues located at the C terminus of 3A
etermines RNA binding specificity of HAV 3AB.
DISCUSSION
Proteolytic processing of the picornaviral polyprotein
ives rise to intermediate and end products. For poliovi-
us it has been convincingly shown that some of the
3-derived intermediate processing products differ in
heir functional roles from that of the end product. As the
ntermediate processing products of the P2 and P3 do-
ains arise early in the infectious cycle, it is conceivable
hat they might be directly involved in the formation of the
C (Andino et al., 1993; Porter, 1993). Originally it has
een proposed that PV polypeptide 3AB serves as the
FIG. 6. Mobility shift assays of HAV RNAs. Interaction of His-tagged 3
ith control RNA transcribed from pGEM (C). c, mobility of complexes fo
one, no protein added. The HAV [33P]-RNA probes used (top) present
).embrane-anchored primer for RNA synthesis (Giachetti (nd Semler, 1991). Only recently, it was realized that this
olypeptide is multifunctional and genetic analysis al-
owed to map the various functions of PV 3AB (Andino et
l., 1993; Molla et al., 1994; Paul et al., 1994; Xiang et al.,
995). Although processing of the HAV P3 domain seems
o follow a pathway distinct from that of PV P3, 3AB and
CD are both intermediate products of HAV P3 process-
ng that might play multiple roles in the replicative cycle
f HAV (Probst et al., 1998).
In previous reports we have presented data on mem-
rane binding of HAV 3AB and on the formation of stable
AB homodimers in vitro and in vivo (Pisani et al., 1995;
eneduce et al., 1997; Ciervo et al., 1998). In a further
ssessment of the possible role of HAV 3AB, we now
rovide experimental evidence for the interaction of HAV
roteins 3A and 3AB with other proteins of the P3 domain
hat might be essential to the formation of the viral RC.
he properties of HAV 3AB described here and before
re summarized in Table 1. Immunoprecipitation and
ffinity chromatography demonstrated the ability of 3AB
o bind to the precursor polypeptide 3CD and to its
ndividual moieties, 3C and 3D. Deletion of either the
omplete 3B region or parts of 3A (Did and D5.1) allowed
o determine the role played by the various domains of
he 3AB polypeptide in the interaction. The data indicate
hat both moieties of 3AB, 3B and 3A, are required for
fficient interaction with 3CD. Mapping of the 3A do-
ains of 3AB showed that the hydrophobic region is
ssential for both the homologous and the heterologous
rotein interaction, as 3ABDid did not form homodimers
Ciervo et al., 1998) and bound less efficiently to 3CD
, 3ABD5.1, and 3ABDid with 59 RNA1–148 (A), 39 RNA7414–7502 (B), and
y the proteins with the various RNAs; f, position of the free RNA probe;
ary structures formed at the 59 and 39 end of the HAV genome (A andA, 3AB
rmed b
secondFig. 2). It is possible that the hydrophobic domain of 3A
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416 BENEDUCE ET AL.ight have a stabilizing role in the interactions of 3AB,
resumably through hydrophobic bonds, similar to that
escribed for PV (Xiang et al., 1998). The contribution of
he charged C-terminal domain of 3A to the interaction of
AB with 3CD is less clear. Although 3ABD5.1 is unable
o oligomerize (Ciervo et al., 1998), it still exhibited more
inding potential to 3CD as compared to 3ABDid (see
ig. 2).
To assess the role of both moieties of 3CD, interaction
xperiments were performed where 3CD was replaced
y 3C or 3D. These experiments pointed to 3C as the
ssential component within 3CD in mediating interaction
ith 3AB. This conclusion was strengthened by testing
FIG. 7. RNA binding of wild-type 3AB and mutant 3ABD5.1. (A) Mobility
hift assays using radiolabeled [33P] 59 RNA1–148 and increasing
oncentrations of 3AB (0.8–6.4 mM) and mutant 3ABD5.1 (0.2–1.6 mM).
B) Dose dependence of binding. Radiolabeled RNP complexes were
uantified by phosphoimage analysis. f, free RNA probe; c, RNP com-
lex.he stability of the complexes for the contribution of ilectrostatic and hydrophobic bonds. Intermolecular
lectrostatic interaction imply association of polar and
harged groups at protein interfaces, with salt bridges
nd hydrogen bond formation, while the hydrophobic
ffect requires the close proximity of nonpolar residues
istributed on strategical positions in the proteins (Xu et
l., 1997). The nature of HAV protein–protein interaction
as analyzed by applying different biochemical treat-
ents suited to disrupt the various kind of interactions
Lu et al., 1993). This approach allowed us to demon-
trate both electrostatic and hydrophobic components in
he interaction of 3AB with 3CD. Based on the observa-
ion that the 3AB–3C complex was more resistant than
oth the 3AB–3D and 3AB–3CD complexes, we assume
hat 3C is the essential component that directly mediates
he interaction between 3AB and 3CD. As the resistance
o hydrophobic disruption of the 3AB–3C complex is
igher than that of the 3AB–3CD complex, it is conceiv-
ble that the 3C domain contributes to the 3AB–3CD
nteraction by strengthening the hydrophobic component
f the binding (Fig. 4). Protein 3C contains two hydropho-
ic domains (amino acid positions 1585–1607 and 1704–
720 of the HAV polyprotein) that could interact with
ydrophobic domains or amino acid residues in 3AB.
nterestingly, the most C-terminal hydrophobic domain of
C includes residues that might be involved in protein
omplexes formation (Bergmann et al., 1997). Our obser-
ations on the in vitro interaction of HAV proteins are
onsistent with those described for PV 3AB and 3CD
hich were subsequently confirmed by in vivo interac-
ion studies (Towner et al., 1996; Hope et al., 1997).
rotein-linkage maps were established for poliovirus
roteins of the P2 and P3 domain using a recombinant in
ivo system (Cuconati et al., 1998; Xiang et al., 1998).
espite numerous attempts, we were unable to demon-
trate any interaction among the HAV P3 proteins using
he yeast system (data not shown).
For the formation of a functional viral RC, specific
nteraction of viral and cellular proteins with the viral
NA is essential. In addition, membranes of the endo-
lasmic reticulum are tethered to the RC. PV 3AB binds
o membranes, and it has been proposed to play a role
n their recruitment (Datta and Dasgupta, 1994; Bolten
t al., 1998). Interestingly, PV 3AB does not specifically
ind to viral RNA (Lama et al., 1995). As a link between
iral RNA and 3AB, protein 3CD has been proposed,
ased on the observation that PV 3AB is required for
he specific interaction of PV 3CD to the cis-active 59
NA structure (Harris et al., 1994; Xiang et al., 1997).
or HAV we had shown earlier that protein 3AB differs
rom PV 3AB in that the HAV protein specifically inter-
cts with RNA secondary structures formed at the 59
nd 39 end of HAV genome (Kusov et al., 1997). To
mprove our understanding of the RNA-binding of HAV
AB, we determined the 3AB protein domains involvedn RNA-binding specificity. We provide clear evidence
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417INTERACTION DOMAINS OF HEPATITIS A VIRUS PROTEIN 3ABhat the specificity of the 3AB interaction is determined
y the cluster of charged amino acid residues located
ear the C terminus of 3A, as protein 3ABD5.1 clearly
nteracted nonspecifically (Figs. 6–8). This is sup-
orted by observations that shorter RNA segments of
he 59 RNA bound to 3ABD5.1 but not to 3AB (not
FIG. 8. Competition for interaction with wild-type 3AB (A) and 3ABD
ontrol RNA (C) and the unlabeled competitor RNAs (top). The molar exc
hift data. The mobility of free RNA probes (f) and those of RNP (c) are
–5 of C) was done by phosphoimage analysis and expressed as percen
NA (bottom panels, columns 2) were set to 100%.
T
Mapping of Prote
3AB wildtype 3ABDid
ligomerization 1
(dimer)
2
(monomer)
embrane-binding 1 2
nteraction with 3CDa 1 6
pecific RNA-bindingb 1 1
a 1, strong interaction with 3CD; 6, weaker interaction with 3CD as
b 1, specific complex formation with HAV RNA structures; 2, inability to bihown). It can be hypothesized that the C terminus of
AV 3A is needed for 3AB to assume a conformation
uited to recognize specifically the HAV RNA second-
ry structure formed at either end of the genome. The
ole of HAV 3CD or 3D in RNA binding and the forma-
ion of the RC could not be assessed because neither
and C) between radiolabeled 59 RNA1–148 (A and B) or radiolabeled
competitor RNA is indicated in the top panels representing the mobility
ted. Quantification of RNP complexes (lanes 2–8 of A and B or lanes
f bound RNA. The RNP complexes formed in the absence of competitor
ains of HAV 3AB
3ABD5.1 3A wildtype References
2
(monomer)
1
(dimer)
Beneduce et al. (1997)
Ciervo et al. (1998)
2 1 Pisani et al. (1995)
Ciervo et al. (1998)
1 6 This study
2 1 This study, and Kusov
et al. (1997)
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418 BENEDUCE ET AL.rotein could be prepared in a functional conformation
nd in sufficient amounts, which is most likely due to
he insolubility of 3D and 3CD (unpublished observa-
ion; and Tesar et al., 1994). Both HAV proteins 3C and
ABC have been shown to specifically bind to viral
NA (Kusov and Gauss-Mu¨ller, 1997; Kusov et al.,
997).
Oligomerization of protein 3AB and the high stability
f its dimeric form have been observed both for polio-
irus and for HAV, and it has been hypothesized that
ligomerization might be a feature of 3AB important in
irus replication (Ciervo et al., 1998; Xiang et al., 1998).
he ability of 3A and 3AB to form stable homodimers
ntrigued us to determine whether dimerization of 3AB
ight be required for other 3AB function(s) in the HAV
eplicative cycle and, in particular, for the binding to
CD and/or to viral RNA. Our results show that protein
CD and its components, 3C and 3D, interact in vitro
ith both molecular forms of 3A and 3AB, suggesting
hat dimer formation is probably not a stringent pre-
equisite for protein–protein interaction (Fig. 5). This
otion is supported by the observation that mutant
ABD5.1 which is unable to dimerize, binds to 3C, 3D,
nd 3CD almost as strongly as the wild-type polypep-
ide (Fig. 2). Furthermore 3AB dimerization does not
eem to be essential for RNA binding. Indeed, we had
lready shown by North-Western analysis and UV
ross-linking that the 3AB dimer does not interact with
AV RNA (Kusov et al., 1997). This corroborates our
bservation that 3ABDid and 3ABD5.1, although im-
aired in dimer formation, retain the ability to bind to
NA. Although a distinct role for the HAV 3AB dimer in
he HAV RC could not be demonstrated, our recent
bservations that the dimer can interact posttransla-
ionally with microsomal membranes and that deletion
f the hydrophobic domain abolishes this ability (Ci-
rvo et al., 1998) suggest that dimerization might be
ssential for stabilizing the association of the RC with
he cell membranes.
In conclusion, analysis of the interaction of proteins 3A
nd 3AB and some deletion mutants with other polypep-
ides of the P3 domain and with RNA allowed us to map
he protein domains within 3AB that participate in pro-
ein–protein and RNA–protein complex formation. Our
resent observations, in addition to those previously
eported (Kusov et al., 1997; Ciervo et al., 1998), indicate
hat HAV 3AB is a multifunctional polypeptide, similar to
he corresponding protein of poliovirus. However, the
act that 3A of HAV can specifically interact with the HAV
NA in the absence of other viral or cellular proteins and
hat the specificity of the interaction itself relies on the
ighly charged amino acids at its C terminus implicates
hat HAV 3A possesses some distinct biological proper-
ies whose effect on the virus life cycle remains to be
etermined. 3MATERIALS AND METHODS
onstruction of expression plasmids
The coding regions of HAV proteins 3A, 3AB, and 3CD
ere amplified by the polymerase chain reaction (PCR)
sing cDNA of pHAV/7 (Cohen et al., 1987) as template and
ppropriate sets of oligonucleotide primers (Beneduce et
l., 1997; Pisani et al., 1995; Kusov et al., 1992).
PCR reagents and conditions were as described (Ciervo
t al., 1998). The amplification products were cloned into
ector pCRII-TOPO (Invitrogen Co.). Genes coding for two
utant HAV 3AB proteins were created by oligonucleotide-
irected mutagenesis, according to the method of Higuchi
t al. (1988). The desired mutations were introduced by
sing appropriate primers and pHAV/7 as templates. Two
NA fragments, which contain the desired deletion and
ybridize to each other, were synthesized by PCR. These
ragments were gel-purified and, after reannealing, used as
emplate for a second amplification using primers 57S and
7A (Ciervo et al., 1998). The first PCR was carried out for 25
ycles (30 s at 95°C, 10 s at 37°C, 1 min at 70°C) followed
y 5 min at 70°C. The second PCR consisted of 30 cycles
25 s at 95°C, 40 s at 50°C, 1 min at 70°C; last cycle 5 min
t 70°C). PCR products were cloned into vector pCRII-
OPO. The amino acid sequences of the two mutants are
hown in Fig. 1. All inserts were excised by restriction with
amHI and EcoRI, which are present in the polylinker of
CRII-TOPO, and reinserted into the respective sites of
xpression vector pET-3a or pET-3b (Rosemberg et al.,
987). Wild-type 3A, wild-type 3AB (3AB), and mutants
ABD5.1 and 3ABDid also were excised by restriction with
amHI and HindIII (included in the primer sequences) and
einserted into expression vector pQE30 (Stu¨ber et al.,
990). All constructs were sequenced to verify their correct
eading frame. For the construction of pET-3D, the sense
rimer (59-GCTCTAGAGCTAGCAATGAGAATTATGAAAGT-
GAGTTT-39), anti-sense primer (59- ACATGCATGCAAGCT-
ATGAAAGGTCACAAATGAACA-39) and pT7-HAV as tem-
late were used in the PCR reaction. The PCR amplificate
as digested with NdeI and HindIII (included in the prim-
rs, underlined) and inserted into vector pET-3a cut with the
ame enzymes.
pEXT7–3Cm was constructed by inserting the NcoI/
alI fragment of pHAV-3CEXm (Malcolm et al., 1992) into
he NcoI/XhoI restricted vector pEXT7-HIVenv (Wilk et al.,
992). Construction of pET-3CDm has been described
Kusov and Gauss-Mu¨ller, 1997). Both pEXT7–3Cm and
ET-3CDm encode the proteolytically inactive proteinase
m) in which the active site cysteine residue is replaced
y an alanine. For simplicity, the proteins derived from
hose cDNAs are named 3C and 3CD, respectively.
acterial expression and purification of recombinant
roteins (3A, 3AB, 3ABDid, and 3ABD5.1)
pQE30–3A, pQE30–3AB, pQE30–3ABDid, and pQE30–
ABD5.1 were expressed in Escherichia coli strain M15
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419INTERACTION DOMAINS OF HEPATITIS A VIRUS PROTEIN 3ABpREP4) (Qiagen). Cells were induced with 1mM IPTG
nd the recombinant proteins, carrying a 6xHis-tag at
heir N termini, were purified under denaturing condi-
ions by using a Ni1–NTA resin according to the manu-
acturer instruction (Qiagen). Protein folding was re-
tored by dialysis against a linear gradient containing
–0 M urea in renaturing buffer [10 mM Tris–HCl, pH 8, 1
M DTT, 0.01% Triton X-100, and 1 mM phenylmethylsul-
onyl fluoride (PMFS)]. Each dialysis step was carried out
t 4°C for 8–12 h. The concentration of the purified
roteins was determined by the method of Bradford.
n vitro transcription and translation
One microgram of pET-3D, pET-3CDm, or pEXT7–3Cm
DNAs, purified by ion-exchange chromatography (Qia-
en), was transcribed and translated in the coupled
eticulocyte lysate system (TnT, Promega) in the pres-
nce of [35S]methionine following the protocol of the
anufacturer. Luciferase used as control was produced
rom a cDNA supplied by the manufacturer.
mmunoprecipitation
Two hundred nanograms of purified 3A, 3AB, 3ABDid,
nd 3ABD5.1 was incubated with 4 ml of in vitro trans-
ated radiolabeled 3C, 3D, and 3CD at 30°C for 1 h. After
nteraction, the complexes were precipitated by an anti-
erum directed against HAV 3A or by a preimmune se-
um for 1 h on ice. Each sample then was rotated with
00-ml suspension of protein A–agarose beads (10% vol/
ol in incubation buffer consisting of 50 mM Tris–HCl, pH
, 1% NP40) at 4°C for 1 h. The beads were washed six
imes with 500 ml of incubation buffer and resuspended
n 10 ml of Laemmli buffer. The complexes were analyzed
y 15% SDS–PAGE and autoradiography.
ffinity chromatography
Ten microlitres of the radiolabeled 3C, 3D, or 3CD
ranslation mix was incubated with 0.5 mg of either pu-
ified 3A, 3AB, 3ABDid, or 3ABD5.1 and 20 ml of Ni-
harged Sepharose beads (Qiagen) at 30°C for 1 h in
inding buffer (20 mM Tris–HCl, pH 7.9, 200 mM NaCl, 5
M imidazole, 0.5% NP40). [35S]-labeled luciferase was
sed as control. After binding, the beads were washed
ix times with 500 ml of washing buffer (20 mM Tris-HCl,
00 mM NaCl, 0.5% N-P40, 60 mM imidazole, pH 5.8).
he washed beads were then boiled in Laemmli buffer
or 2 min, analyzed by 12% SDS–PAGE and autoradiog-
aphy.
estern blotting
Proteins were resolved by SDS–PAGE and subse-
uently transferred to a nitrocellulose membrane (Schlei-
her and Schuell). An antibody recognizing the N termi-
us of 3A was used to detect proteins 3A, 3AB, and the teletion mutants. Alkaline phosphatase-conjugated sec-
ndary antibody was used and the blots were developed
ith the appropriate phosphatase substrate.
ar-Western blotting
Purified proteins 3A and 3AB were separated by SDS–
AGE and transferred to Immobilon-P membrane (Milli-
ore). The membranes were incubated in SB buffer (10
M HEPES, pH 7.5, 10 mM MgCl2, 50 mM NaCl, 0.1 mM
DTA, 1mM DTT, and 10% glycerol) overnight at 4°C to
enature the proteins, and then saturated with 5% bovine
erum albumin (BSA) in SB buffer at room temperature
or 3 h. [35S]methionine-labeled proteins (;35,000 cpm/
l), suspended in SB buffer containing 5% BSA, were
dded and incubated at 4°C for 24 h. After six washes in
B buffer containing 0.25% BSA, the membranes were
ried and exposed to an X-ray film.
iochemical treatments
Ten microlitres of the radiolabeled 3C, 3D, or 3CD
ranslation mix was incubated with 0.5 mg of either pu-
ified 3A or 3AB and 20 ml of Ni-charged Sepharose
eads at 30°C for 1 h in binding buffer (20 mM Tris–HCl,
H 7.9, 200 mM NaCl, 5 mM imidazole, and 0.5% N-P40).
fter binding, the beads were washed six times with 500
l of wash buffer (20 mM Tris–HCl, 200 mM NaCl, 0.5%
-P40, and 60 mM imidazole, pH 5.6). An aliquot of the
ashed beads was treated at room temperature for 15
in with buffer alone (20 mM Tris–HCl pH 7.9, and 10%
lycerol) and after centrifugation, the supernatants and
ellets (marked “none” in Fig. 4) were analyzed by SDS–
AGE and autoradiography. Other aliquots of the washed
eads were incubated with 40 ml of either one of the
ollowing reagents: 1 M KCl (in 20 mM Tris–HCl, pH 7.9,
nd 10% glycerol) at room temperature for 15 min, 50%
lycerol (in 20 mM Tris–HCl, pH 7.9) at 4°C for 15 min, 1%
riton X-100 (in 20 mM Tris–HCl, pH 7.9, 70 mM KCl, and
0% glycerol) at room temperature for 15 min, or 1% Triton
-100/1M KCl (in 20 mM Tris–HCl, pH 7.9, and 10% glyc-
rol) at room temperature for 15 min. The resin then was
elleted by centrifugation and the resulting supernatants
ere analyzed by SDS–PAGE.
NA binding assay
[33P]-RNA probes representing the secondary struc-
ure elements within the 59 and 39 NTR of the HAV
enome were prepared as described earlier (Kusov and
auss-Mu¨ller, 1997). The names of 59 RNA1-148 and 39
NA7414-7502 point to the nucleotide position in the
enome of wild-type HAV strain HM175. The control RNA
150 nucleotides long) was transcribed from pGEM2 after
inearization with Bsp1407I using [33P]UTP and Ambion
AXIscript T7. Unlabeled RNAs were prepared using
mbion MEGAscript. To study RNA–protein interaction,he gel-retardation assay was used as described before
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420 BENEDUCE ET AL.Kusov and Gauss-Mu¨ller, 1997). Briefly, a reaction mix-
ure containing [33P]-labeled RNA (1–3 3 105 cpm, 2 fmol)
nd 1–4 mg of protein in binding buffer (5 mM HEPES, pH
.9, 25 mM KCl, 2 mM MgCl2, 1.75 mM ATP, 6 mM DTT,
.05 mM PMSF, 166 mg/ml of E. coli tRNA, and 5% glyc-
rol) were incubated for 20 min at 30°C in a total volume
f 30 ml. In competition experiments, unlabeled RNA was
dded in a 50 and/or 500 M excess simultaneously with
he radioactive probe. After addition of 10 ml of gel
oading buffer (1 mM EDTA, 0.25% bromophenolblue,
.25% xylene cyanol, and 50% glycerol) 15 ml of the
ixture were analyzed on a 5% nondenaturing polyacryl-
mide gel that was prerun for 30 min at 4°C and 80 V.
fter electrophoresis (200 V, 4°C, 4–6 h), the gel was
ried before autoradiography or exposed using a Bio-
mager Analyser BAS-1000 (Fujifilm) and the analysis
oftware PCBAS (Raytest).
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